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Abstract 
In industry DC machines are still used today due to their torque-speed characteristics [1]. The DC motors 
speed characteristics can be further enhanced by the addition of external electronic controls, such as 
buck converters. [2]. However, the addition of these external electronic controls to the DC motor also 
adds a complexity to these type of systems and problems can also arise from these buck converter/DC 
motor configurations [2]. 
This thesis examines the complexities that arise from these type of systems, in particular how these 
complexities effect that the speed-torque characteristics of a separately excited DC Motor may have 
during Discontinuous Conduction Mode (DCM) and Continuous Conduction Mode (CCM). 
To demonstrate the affects that Discontinuous Conduction Mode and Continuous Conduction Mode has 
on the speed-torque characteristics of a DC motor, a setup was designed and constructed with the 
following design objectives: 
 Convert AC power from mains to regulated DC power, using a power supply that must: 
o Supply power to a DC motor 
o Operate with a variable switching frequency from a few Hz – 2 kHz 
o Operate with a variable voltage from 0 – 240 V 
o And have a maximum current output of 1.5 A 
 The setup must be able to measure the speed, load torque, the armature current and voltage 
waveforms must also be observable and produce speed-torque curves of the DC motor 
Once completed, the setup was used to examine the speed-torque characteristics of the DC motor setup. 
The setup was able to meet all the design objectives. The results from the setup demonstrated a 
nonlinear region during DCM operation and a linear region CCM operation, in speed-torque curves of the 
setup. The main observations from the setup showed that the torque-speed curves experienced a larger 
nonlinear region at lower switching frequencies when compared to the torque-speed curves of systems 
that were operating at higher frequencies. Additionally, it was found that at higher voltages, the speed-
torque curves experienced a smaller linear region when compared with the speed-torque curves of 
systems at lower voltages. 
Further analysis revealed the speed characteristic of the system was mainly caused by dramatic voltage 
drops over the armature of the motor, and that the dramatic voltage drops occurred during DCM, when 
load was applied to the motor.  
A simulation of the final setup was produced, although the simulation model could benefit from further 
improvements and modifications. The model was able to demonstrate some general trend that was 
observed in the results section. 
The setup was also adapted for future use as teaching aid that was aimed at 3rd year engineering students 
at Murdoch University. The purpose of the setup was to contribute to the student’s basic understandings 
of motor operation during DCM and CCM. A student laboratory exercise was successfully completed as 
part of project objectives. The project setup can be replicated in a laboratory environment and used to 
demonstrate the effects that DCM and CCM, have speed-torque characteristics of a DC Motor 
Overall, this project was considered to be successful, as all the objectives were completed during the 
course of the thesis project. 
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1. Chapter 1: Introduction  
1.1. Project Description  
The invention of electric machines has directly led to rise of the Industrial Evolution in the 18th 
century [3] and has continued to be the backbone of the industry till today [1]. It is estimated that 
electric machines use as much as 60% of the generated worldwide energy [4]. Today DC machines 
are still used in industry due to their versatility and wide variety of torque-speed characteristics that 
can be obtained by reconfiguring their various armature and field winding connections. DC motors 
can provide a high starting torque making them ideal for traction applications [5]. Thus DC machines 
are used in a variety of applications such as mills, cranes, hoist conveyers, fans, pumps and a variety 
of other applications [6]. However as industry grows so does the number of applications where 
speed control is required. Devices such as hoists, cranes, elevators and locomotive drives are all 
expected to use some method of speed control.  An advantage of using DC speed control methods is 
that it is considered to be less expensive and simpler to implement when compared to that of speed 
control of an AC motor [6], although DC machines themselves are a more expensive product [1].  
The introduction of power semiconductor devices has given rise to the rapidly growing technology of 
solid state converters [6]. Traditionally motors were controlled with manual methods such as the 
Ward Leonard or resistance control method [2]. Nonetheless, converters offer a more efficient 
method of converting power than the previous methods of motor control did [7]. A solid state 
converter- system converts a fixed DC voltage supply to a variable DC voltage supply [2] and thus can 
gives control over motor speed. Two examples of solid state converters that can be used for DC 
motor control are controlled rectifiers and choppers. The control of DC motor speed is usually 
achieved by controlling the armature voltage while keeping the field windings constant. Although 
field weakening can also be used to increase the speed of the motor beyond a base speed [6]. The 
shift from the motor to external drive and control circuits when implementing speed control 
introduces a new complexity. In order to choose a complete drive system, it not only requires a 
knowledge about motors but also a practical knowledge about power electronics as well. This thesis 
will examine a complexity that arises from these type of systems and how this complexity effects the 
characteristics of the DC Motor. This thesis will mainly focus on the effects that arises when 
operating the motor from Discontinuous Conduction Mode (DCM) to Continuous Conduction Mode 
(CCM), in particular the effects that these systems have on the speed-torque characteristics of the 
DC motor. 
1.1.1. Project Objectives 
A project plan was developed initially from a two part problem that was given in the project 
description. Part 1 of the problem was to design and produce a system that met the design 
specifications given by the topic requirements. The second part of the problem focused on the 
testing and investigation of the system, the primary aim being to produce measurable results from 
testing the system. 
As per the topic requirements of the project description, (see Appendix A – Project Topic) the setup 
should: 
 Be able to convert AC power from mains to regulated DC power, using a power supply 
 The power supply must: 
 Supply power to a DC motor 
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 Operate with a variable switching frequency from a few hundred Hz – 2000 Hz 
 Operate with a variable voltage from 0 – 240 V 
 And have a maximum current output of 2 A 
 A precise amount of load torque must be applied to a DC motor and the setup must be able 
to measure the DC motor’s speed, load torque and be able to safely allow the armature 
current and voltage waveform to be observable 
1.1.1.1. Project Revisions  
The initial scope of work that was defined in the project plan was later amended and outcomes were 
added to better accommodate the demands that were set out by the supervisor. Most importantly, 
some of the outcomes were required to be altered for safety reasons. Although the revised project 
objectives largely remained the same.  The following revisions and additions that will be covered in 
this report are as follows: 
 The setup must operate in both discontinuous conduction mode and continuous conduction 
mode. 
 The power supply must be capable of operating from a few Hz to 2000 Hz 
 The maximum current that the system will output shall be adjusted to 1.5 A 
 A student laboratory exercise will be produced so that the setup can be replicated and 
utilised for teaching purposes. 
The reasons for these revision and additions will be discussed in more detail as the thesis progresses.  
1.2. Commercially Available DC Drives Currently Available  
Off the shelf DC motor drivers can also be obtained, however given the predominant use of AC 
motors in industry, [8] there are limited options to choose from. Some of the DC motor drives that 
are best suited to meet the project objectives are the 8615 KBWT-26 Pulse Width Modulated (PWM) 
DC Drive, Minarik NRG02-D240AC-4Q and the IGBT Chopper/Inverter 8837-B [9, 10]. 
8615 KBWT-26 Pulse Width Modulated (PWM) DC Drive: The drive is rated up to 6 A DC and is 
capable of outputting 0 – 240 V DC, it requires a 230 V AC input. Additionally it includes features 
such as motor overload protection, active circuitry that limits inrush currents to the motor during 
start up and is designed for industrial use [11] . While the 8615 KBWT-26 does offer the option of 
variable voltage output it does not offer variable switching frequency, it is unknown if the drive is 
capable of operating in both CCM and DCM. Each module is priced at $121.10 [10, 11]. 
Minarik NRG02-D240AC-4Q: The drive is rated up to 2 A DC and is capable of outputting 0 – 240 V 
DC, it requires approximately 230 V AC input. The drives also includes features such as motor 
direction control, braking and feedback control (voltage and speed). While the Minarik NRG02-
D240AC-4Q offers numerical adjustable calibration points such as speed, motor torque, input and 
output offset and tachogenerator feedback control, it does not offer variable switching frequency 
[12]. It is unknown if the drive is capable of operating in both CCM and DCM. Each module is priced 
at $525.66 [10]. 
IGBT Chopper/Inverter (8837-B): The module can be configured so that it can be used as a DC drive. 
It is rated up to 6 A, it is capable of outputting a range between 0- 240 V, it can be modified to work 
as a buck convertor the switching frequency can be adjusted by using a pulse signal from a control 
source. The module comes with a variety of additional features, such as short-circuits, overvoltage, 
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overcurrent and overheat protection. The module is designed to be implemented in a teaching 
environment and is also reconfigurable [9]. Furthermore, Murdoch University already has in stock a 
predecessor module (8837-AA) that has a reduced current rating of 1.5 A [9] 
While the 8615 KBWT-26 and NRG02-D240AC-4Q DC drives used with additional circuitry and 
modification may meet some of the project objectives, it was deemed that the best approach will be 
to custom build a DC drive or use the predecessor LabVolt IGBT Chopper/Inverter module that is 
highly adaptable.  
1.3. Approach  
After scrutinising the thesis topic it became clear that further clarification of the topic was needed. 
In order to obtain more details about the thesis topic and to understand the necessity for the topic, 
a meeting with project supervisor was set up. From the meeting with the supervisor, it was 
determined that the thesis topic was presented as response to an article, called the “Effects of PWM 
chopper drive on the torque-speed characteristic of DC motor” [13], that the results presented in the 
article would need to be reproduced in a practical environment, as opposed to simulated 
environment. The underlying purpose behind the thesis topic was to develop a setup that could be 
used as a teaching tool.  
Subsequently, by clarifying the thesis topic with the supervisor, it became clear that next step was to 
redefine the objectives of the thesis so that the demands of the supervisor could also be met. Thus 
the thesis topic was redefined into objectives points would become the project goals of the thesis, 
refer to Chapter 1.2: Project Objectives for an outline of these project goals. 
Once the project objectives were determined, the following steps were to research the background 
information of the thesis topic, acquire key findings from the research that assisted in the system 
being conceptualised early on in the timeline of the project. It was determined that the system 
would need to be comprised of five main components. The components being as follows: 
1. DC Power Supply 
2. DC –DC convertor (buck converter) 
3. DC Motor 
4. Dynamometer 
5. Tachometer 
Further research into the topic was also needed to determine that the most suitable DC motor 
configuration that would be utilised in the experiential stages of this project. The article [13], did not 
mention the specific type of DC motor setup and therefore it was not clear as to what DC motor 
configuration to use. In fact the article appears on many occasions interchange between a shunt DC 
motor and separately excited motor while attempting to explain its theories and setup. However, 
since the shunt DC motor and separately excited motor behave in a similar way to each other it was 
decided that the best course of action was to proceed with the simplest motor configuration, the 
separately excited motor, [2].   
Additional research was done in order to determine what the most suited conditions would be to 
cause the system so that it can achieve DCM. The key findings of the research determined that the 
best conditions that would most likely result in the system to achieving DCM, were systems that had 
[13-15]: 
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1. Low switching frequency 
2. Light loads, therefore small load current 
3. Low inductance 
Lastly, a project plan was developed with the redefined objectives being the main focus. The project 
also provided a guideline by supplying transparency of the work that was needed to be under taken, 
it organised and provided a focus given the project goals. Due to the complexity of the project the 
plan was revisited and adjusted multiple times throughout the project timeline.  
1.4. Literature Review  
Previous literatures have covered topic that were similar to what the thesis will cover, much of this 
research was done concerning AC/DC converters and the results were primarily produced using 
simulations of models. 
Gelen and Ayasun [13] conducted a study concerning the effects of operating a chopper drive using 
the armature voltage control method with a 5- HP DC motor rated at 240 V. The paper clearly 
showed the motor operating in both CCM and DCM, in order to demonstrate the effects that these 
operation modes have on the motors torque-speed characteristics [13]. The torque-speed 
characteristics were obtained through computer modelling and simulation done in Simulink ® [16]. 
To obtain the results the tests were carried out at three different armature voltages, (180, 240 and 
300 V) these voltages were used at two different switching frequencies (50 an 150 HZ) and load 
torque was applied to the motor in order to produce the speed torque curves.  The results showed 
that when the DC motor was operating in DCM at light loads that the motors speed-torque 
characteristics exhibits a non-linear decrease in motor speed until to motor begins to operate in 
CCM where it exhibits its typical decreasing linear slope. This nonlinear region is reduced when 
switching frequency is increased because armature current becomes continuous when switching 
frequency is increased [13]. The results also show that the slope of this nonlinear region becomes 
steeper at as armature voltage is increased. 
Additionally, Black [17] conducted research of the effects that rectifier performances had on DC 
motors, this was done when presented with a problem concerning the operational speed of a DC 
motor at a strip mill [17].  The strip mill operated with DC motors that were supplied with a voltage 
by 6-phase double wye rectifiers. As strips of steel were loaded on the mill, the speed would drop 
dramatically, this speed characteristic was highly undesirable as it prevented the mill from providing 
continuous process of operation [2, 17]. Observations of the motors armature current was 
conducted by implanting a small shunt resistance with the armature circuitry of the motor and 
observing the current waveforms using an occiloscope. Black [17] found from observing the motor’s 
armature current that the motor operating the mill was operating in DCM.  The results 
demonstrated that when the rectifier circuit’s inductance is significantly small, discontinuous current 
flow would occur at small loads. Further analysis revealed that when the system was operating with 
discontinuous current and responding to loads applied to the motor, the current would overshoot 
greater when compared with the system operating with continuous current.  It was also found that 
when the motor was operating in DCM, the voltage drop and responding speed drop was larger, 
than if the motor was operating in CCM. To rectify the issue, the inductance of the motor was 
increased by adding a saturable reactor in series with the armature windings of the motor, which 
lowered the value at which the current becomes discontinuous and thus operated in CCM for light 
loads.  
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Lastly, Gupta, Lamba and Padhee examined the effects that speed control methods had on the 
characteristics of the DC motor [18]. When exploring the speed control techniques Gupta, Lamba 
and Padhee  also observed nonlinear torque-speed characteristics of a 5- HP DC motor [2, 18]. The 
results were obtained by modelling three separate circuits, each circuit consisted of a single phase 
AC/DC converter, connected to a model of separately excited DC motor. The circuits were modelled 
using the simulation software Simulink ® [18]. To obtain the torque-speed characteristics of the 
motor, six different firing angles were used to produce different armature voltages over the motor 
while the voltage applied to the field circuit is kept constant. Conducting a test at each armature 
voltage value, a range of load torque was applied to the motor and the speed torque curves of the 
motor were produced [18]. After comparing the speed torque curves for three types of single phase 
AC/DC converters (half wave converter, semi converter and a full wave converter) the results 
showed nonlinear regions in the motor’s speed torque curves. The paper concluded that the reason 
for this nonlinear region was due to discontinuity in armature current which was considered 
extremely undesirable for industrial applications [2, 18] and control performance [18]. It was also 
observed when comparing the semi converter with that of the half wave and full converter drives, 
that the semi converter exhibits nonlinearity characteristics over a smaller range of load torque. 
Similar to Gelen and Ayasun’s research, the results showed that when the motor operated in CCM it 
exhibited typical motor characteristics (linear speed-torque curve). In contrast when the motor 
operated in DCM, typically during light loads, the motors speed-torque characteristics exhibited a 
nonlinear decrease in motor speed [6, 13]. 
1.5. Thesis Structure  
The above section explores the motivation and challenges of this thesis. It also states the amount of 
exploration of the topic that will be done. The organisation of this thesis is as follows. 
Chapter 2 of this thesis report provides a background on some of the main aspects covered in 
implementing the setup, as well as an overview about key aspects of this project such as mode of 
operations of DC converters and DC motor behaviour. These chapters should not be considered an 
encompassing reference on each topic, the intent of this chapter is to provide enough sufficient 
knowledge to give a contextual summary of the most important aspects of this project.  
Chapter 3 and 4 introduces the setup used in the experimental stages of the project. The chapters 
examines the results given from the experimental stages. In this section, the DC motor behaviour 
theory presented in previous literatures is validated. Additionally, further exploration of the results 
from the setup by constructing simulations based in Simulink are presented in this chapter. 
Chapter 5 introduces the student laboratory exercise, to be used as a learning tool for the 3rd year 
engineering students at Murdoch University, it presents an overview of the key concepts that the 
document envelopes.  
Chapter 6 provides a brief summary of the future work of recommendations that could be used to 
extend the scope of this project. Finally, Chapter 7 concludes this thesis report with a summary of 
the main findings and implications of the project. 
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2. Chapter 2: A Technical Introduction 
2.1. Power Semiconductor Devices  
Power semiconductors play a prominent role in the distribution and energy sector, it is estimated 
that at least 50 % of the electricity used in the world is used through an electronic power device [19]. 
Power semiconductors are recognised as the key component for all power electronic power systems. 
Some common power semiconductor devises are power diodes, thyristors, power metal-oxide-
semiconductor field effect transistors (MOSFETs) and insulated gate bipolar transistors (IGBTs). [20].  
Power semiconductors devices can be thought of as switches in an electronic circuits. Power devices 
are used for power conversion or processing, and like most solid state electronics they provide 
efficient control of power and energy [21].   
Power semiconductors that have higher efficiency and lower losses and are sought out for a range 
applications [21]. They are extensively used in power electronic converters. These devices can 
convert power from AC to DC in the form of rectifiers, DC to DC in the form of chopper and 
converter circuits, DC to AC in the form of invertors and finally they can convert  AC to AC in the 
form of cycloconverters and additional AC controller circuitry [22]. 
Power semiconductors can be classified in three distinct groups according to their degree of 
controllability [7]. 
1. Uncontrollable Switches:  [Diode rectifier]: These are considered to be the simplest of all the 
switching devices, the diode has two terminals, an anode (the positive side terminal) and 
cathode (the negative side terminal) [23], the circuit symbol for the device can be observed 
in figure 2-1 . The on and off state is dependent on the power circuits conditions [24]. An 
ideal diode with the current IF will conduct when forward –biased (on), with a negligible 
voltage drop across it and when the device is reverse – biased, ideally, it will not conduct 
(off) [23].The diode is capable of blocking reverse voltages across the device, however it is 
not capable of blocking forward voltage across the device [23].   
 
Figure 2-1: The circuit symbol of a diode rectifier [24]  
It is important to observe the power diodes reverse-recovery current characteristics [25]. 
When the diode switches to its off state the current in the device decreases and 
momentarily becomes negative, before becoming zero as seen in figure 2-2, the time trr is 
known as the reverse recovery time, this time is usually less than 1 µs and the effect of this 
recovery time on the behaviour of power circuits becomes more apparent in high frequency 
applications [25]. 
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Figure 2-2: Reverse recovery time of a diode (adapted from [25], p. 3) 
 
2. Semi-controllable Switches: [Thyristors]: There are several types thyristors  the most 
common being the silicon- controlled rectifier (SCR)[24] . The switching conditions of the 
device is dependent on both the circuit conditions and an external control signal [24]. These 
switches work by being latched on by a control signal and turned off by the conditions of the 
power circuit [7]. 
 
3. Fully controllable Switches: [Gate-Commutation devices]: The majority of the high switching 
devices belong to this category.  This category includes several device types including bipolar 
junction transistors (BJTs), MOSFETs, gate turn off (GTO) thyristors, and IGBTs. Both the 
turn-on and turn-off operations of the device are controllable by a gate or base signal [24].  
 
2.1.1. Controllable Switches 
It is important to review controllable switches as part of this thesis, as they are the main 
components used in DC – DC converters. 
Controllable switches are often represented in circuits in an ideal manner (refer to figure 2-3), no 
current flows when the switch is off, and when it is on, current can flow in the direction of the arrow 
only [7].  
  
 
Figure 2-3 A generic symbol for controllable switches, (adapted from [7], p. 20) 
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Realistically, controllable switches do not have ideal characteristics. These switches dissipates power 
when they operate [7].  If these devices exceed their power ratings the device may fail and not only 
destroy the device itself and also have the potential to destroy other system components [7]. The 
main contribution to power loss in semiconductor devices is the average power dissipated during 
the on-state, which may vary in proportion to the on-state voltage [26]. Power bipolar structures 
such as BJTs, IGBT and thyristors have very low on-state losses because of their stored charge 
controls the on-state resistance, however when operating they also require a significant amount of 
power to control, thus they tend to have relatively high switching losses in comparison [26].  
2.1.2. Comparison of Controllable Switches 
It is clear that when comparing the properties of the switching devices that the thyristor dominates 
the ultra-high region for relatively low frequencies, next comes the Gate-turn-Off thyristors (GTO). 
GTO’s have high power capabilities and switches in the low frequency range of few hundred hertz. 
The IGBT occupies the medium power range with its ability to operate at higher frequencies and 
then finally the MOSFET extends to the highest switching frequency range of all the devices [27]. 
These observations are given in Table 2-1 and a summary of these devises power capabilities is 
shown in figure 2-4  
Table 2-1: Comparative properties of Controllable Switches [7, 27] 
Device Power Capability Switch Speed  
Thyristor Ultra - high Slow 
GTO High Slow 
IGBT Medium Medium 
MOSFET Low Fast 
 
 
Figure 2-4: Semiconductor power level and operating frequency for various devices [27], p. 167 
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Thus for a medium power range application with a slow to medium switching range, the optimal 
choice would be to use switching devices that utilize IGBTs. 
2.1.3. Insulated Gate Bipolar Transistor  
The IGBT is a three terminal semiconductor that is used predominantly in power circuits [28]. The 
IGBT was invented in the early 1980s [29]. The semiconductor device is a cross between a BJT and a 
MOSFET transistor [29], it was considered to be one of the most popular devices used in DC motor 
drives and is capable of reaching power levels into the region of a few hundred kW [27].  The IGBT is 
also suitable for many other applications in power electronics, especially PWM control [30].  
The IGBT is most commonly represented by its circuit symbol that is shown in figure 2-5, the three 
terminals are called the Collector (C), Gate (G) and Emitter (E) [7], they can also be represented 
having an anti-parallel diode across the collector and emitter terminals. 
 
Figure 2-5: Circuits symbols for an IGBT device [7] 
The structure of the IGBT is similar to that of a vertical diffused MOSFET (refer to figure 2-6 ), with 
the exception of the p+ layer that forms the drain of the device, the p+ layer forms a p-n junction 
[27]. 
 
Figure 2-6: The IGBTs layer structure [27] 
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The equivalent circuit representation of the IGBT shown in figure 2-7 can be thought of as a PNP 
bipolar transistor and an n-channel MOSFET in a Darlington array configuration, with the two devices 
sharing two of the four semiconductor regions [29]. Additionally, the MOSFET also has a parasitic 
NPN bipolar transistor, although in modern designs this has become irrelevant, due to its base-
emitter junction being shorted by the IGBT’s metal emitter contact [29].  
 
Figure 2-7: The basic equivalent circuit diagram of an IGBT (adapted from [29], p. 11 and from [27], p. 165) 
Some naming conventions refer to the IGBTs equivalent terminals as the drain (D), and source (S), 
due to its similarity to a MOSFET, however the manufacturers naming convention of ‘collector’ and 
‘emitter’ will be applied in this thesis. 
In summary, IGBTs have some of the advantages of the MOSFET, BJT and GTO combined [31]. The 
semiconductor has the switching characteristics of the MOSFET with the power handling capabilities 
of the BJT, it has lower conduction losses [27] than similarly rated MOSFETs [29].  Furthermore, 
when compared to the MOSFET, the IGBT is available in at higher voltage and current rating 
categories [27]. The switching delay for the IGBT is much shorter than that of the GTO [29], this 
ideally allows for higher switching frequencies to be implemented with the IGBT [32]. 
2.2. DC-DC Converters and their Applications   
One of the most common problems with operating DC appliances is that nearly all electrical energy 
is distributed around the world as AC power and thus must be converted to DC power [33]. Once AC 
power is converted to DC power, the DC voltage must then be converted into a usable DC voltage 
level for appliance usage. A common way to control the average voltage over an appliance such as a 
DC motor is using a DC-DC converter [34]. DC-DC converters, often shorthanded to simply DC 
converters are power electronic circuits that regulate an input DC voltage to a different DC voltage 
level [7, 25]. DC converters are extensively used in regulated switch-mode DC power supplies and in 
DC motor drive applications [7], a general converter system is shown in figure 2-8 
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Figure 2-8: DC converter block diagram (adapted from [7], p. 161) 
The unregulated DC voltage is usually acquired by a rectified AC grid supply that is either a single 
phase or three phase source. The converter output is assumed to supply an equivalent resistance 
load which is required for ripple effect, thus a filter capacitor is used to minimise the ripple in the DC 
voltage. However a filter capacitor is not always needed, such as in the case of a DC motor which 
responds to the average value of the ripple current [2, 7]. 
2.2.1. Types of DC-DC Converters  
Since DC power is often available in standardized voltages and not all appliances operate with these 
within thes standard voltage levels, [35] power converters are used to convert that power into 
different voltages. There are several types of DC converters including Buck, Boost, Buck-Boost, Ćuk 
and Full- bridge topologies. The buck and boost are the most basic DC converters because they 
simply step down and step up DC levels respectively [7]. Each type of converters brings with it, its 
own unique properties and characteristics. Additionally, each type of these converters also may have 
the capability of operating in one of two fundamental operating modes: CCM or DCM [36]. For the 
purposes of this thesis, the buck converter will be reviewed in this document as it is the DC 
converter that will be used in the experimental and analytical stages of this project. Furthermore, 
DCM will be the main interest in this project. 
2.3. Buck Converter Review  
The buck converter is used in applications where an efficient conversion of the DC voltage or current 
to a lower level of DC voltage or current is needed. A buck converter produces a stepped down 
output voltage and current from a given DC input power source [37, 38], the input can also come 
from a rectified AC source [39]. Buck converters are simple circuits, they consist of a voltage source 
in series with a switching device such as a IGBT or MOSFET, combined with a flywheel circuit which 
also comprises of a diode, inductor and capacitor [36], refer to figure 2-9. It is worth noting that 
when a converter is coupled with a device such as DC motor, the inductor and capacitor is often not 
utilised [2, 5]. This is because the motor is able to provide an equivalent inductance. Additionally 
using a capacitor may be expensive to use since capacitors need to be physically bigger to cope with 
the power ratings [40]. The DC motor is able to respond to the average value of the  voltage 
waveform that is directed into the DC motor [2]. 
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Figure 2-9: The topology of a buck converter (adapted from [7], p. 165) 
A buck converter operates by continually operating the switch on and off at a particular frequency. 
The capacitor in the buck circuit tends to keep the output voltage at a constant level [7], while the 
inductors purpose is used to keep the current relatively constant [7, 36] and the diode prevents 
backward current flow [7]. When the switch is turned on the current flows towards the load (R), 
through the inductor, resulting in both the input current (It)  and inductor current (IL), the current 
across the inductor will rise at a rate of VIN –Vo. To maintain continuous power flow when the switch 
is off, the circuit uses the energy that was stored in the inductor (that was stored during the on 
switching time) that flows from the inductor through the diode to continue supplying a current to 
the load, refer to figure 2-9, [39]. 
2.3.1. Analysis of Buck Converter in Continuous Conduction Mode  
As stated earlier the buck converter is capable of operating in two modes, CCM and DCM. When the 
buck converter operates in CCM the current through the inductor (IL) never falls to zero during the 
commutation cycle. While operating in CCM the buck converter circuit can best be explained by 
examining the buck converters waveforms that can be seen in figure 2-10.  
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Figure 2-10: The Continuous Conduction Mode waveforms of the Buck Converter (adapted from [7], p. 166 and [36], p. 2) 
During the CCM the inductor current has a slight ripple that is dependent on the switching frequency 
of the buck converter, while the voltage is pulse width modulated into the convertor. During these 
stages that output voltage is dependent on input voltage and duty cycle [7]. 
 
2.3.2. Analysis of Buck Converter in Discontinuous Conduction Mode  
In particular cases, often when the buck converter is operating at light load, the amount of energy in 
the inductor that is required by the load is not enough. As a result the current through the inductor 
will completely discharged at the end of the commutation cycle and the inductor current will fall to 
zero during for part of the period [7], refer to figure 2-11. 
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Figure 2-11: The Discontinuous Conduction Mode waveforms of the Buck Converter (adapted from [7], p. 168 and [36], 
p. 5)  
2.4. Electric Motors  
An electrical motor is a device that converts energy into mechanical torque. There are two basic 
types of motors direct current or DC motor and alternating current AC motors.  
For applications where speed and position control were needed DC motors have historically been 
the motor of choice [40], this is mainly due to their ease of control and low cost of their driving 
circuitry. Today the market shows a general move towards invertor fed AC motors [41], however DC 
motors are still used in important applications today. 
Motors are usually supplied with power from an available AC utility. As stated earlier the AC power is 
converted into DC power for the motor to use. Since utilities tend to supply power with standardized 
voltages (e.g. 110 V, 220-240-V at 50 – 60 Hz), DC motors are usually manufactured with rated 
voltages that match the DC outputs of the converters [41]. 
 
 
2.4.1. DC Motor Theory  
To better understand the control aspects of the DC motor as well as the torque-speed 
characteristics, some of the DC machine operations and characteristics were reviewed.  By gaining a 
basic understanding of how the motor operates, it can be better understood how motor 
performance can be enhanced by the addition of external controls. The DC motor operates by 
making use of the interaction of two basic components of the motor. The magnetic field with a flux 
density B and a current-carrying coil the armature [42], refer to figure 2-12. When the terminals of 
the motor are connected across a DC voltage source, a current i flows through the armature. A force 
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is exerted on the coil which is produced by the interaction of the electric current within the magnetic 
field, the force produces a torque which in turn rotates the motor [43].  
 
Figure 2-12: Torque production in a simple DC Motor (adapted from [44], p. 4) 
In an actual DC motor the magnetic field is commonly produced by a magnet. It is common practice 
to use a permanent magnet in a small DC motors by a permanent magnet, while large motors make 
use of electromagnets to produce a magnetic field [42]. The armature of an actual motor consists of 
many windings[44]. The greater the current in the wire, or the greater the magnetic field, the faster 
the wire rotates and the larger the force that is created [44].  
When torque is being produced the conductors are moving in the magnetic field. At the different 
positions, the flux linked with it changes, which causes an EMF to be induced as shown in figure 2-
13. The EMF that is produced in the armature is proportional to the angular velocity of the motor 
[44]. This voltage that pushes against the induced current in the conductor is referred to as back-
EMF [44, 45].  
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Figure 2-13: Induced Voltage in the armature windings of a DC motor (adapted from [44], P. 4 and [46], P. 4) 
The value of the current flowing through the armature is dependent upon the difference between 
the applied voltage and the back- EMF. It results in the rotor slowing down and eventually the rotor 
slows down enough that the force created by the magnetic field equals the load force applied to the 
motor. This results in the system moving at a constant velocity [44]. 
There are five major types of DC motors, classified according to their field winding connections with 
the armature of the motor [5].  
The motors types are: 
1. The Separately Excited Motor  
2. The Shunt DC motor 
3. The Permanent – magnet DC motor  
4. The Series DC Motor 
5. The Compounded DC motor 
The separately excited motor is the simplest setup where the circuit is separated into two separate 
circuits. The field circuits that is seen on the left hand side of figure 2-14, is used to produce the field 
flux and on the right hand side is the armature circuit, this part of the circuit provides current to the 
rotor via brush and commutator. The interaction of the field flux and armature current in the rotor 
of the machine produces torque [5]. Both these circuits are supplied by separate DC power sources 
[47].    
The Effects of Varying the Frequency of a Switched Mode Power Supply Controlled DC Motor 
June 28, 2015 
 
 
 
Page 17 
 
  
 
Figure 2-14: Circuit equivalent of the separately excited motor, [5]. 
When field resistance is increased, the flux decreases thus the speed of the motor increase but also 
reduces the induced torque of the motor [5]. The effect of adjusting the field resistance has on the 
torque-speed characteristics of the motor is demonstrated in figure 2-15.  
 
Figure 2-15: The effect of adjusting field resistance (adapted from [5], p. 480) 
A shunt DC motor uses a similar setup to that of the separately excited motor with the exception 
that the two circuits are connected in parallel and powered by a single DC voltage sources [5]. The 
parallel connection results in the constraint of the field voltage being equal to the armature voltage. 
This type of motor setup offers a simplified control for reversing, especially for regenerative drives. 
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Field rheostats are commonly used to adjust the field current to control the rotor speed of the DC 
motor.  
The shunt DC motor is the most commonly used setup because the motor will run at constant speed 
regardless of the load [48], refer to figure 2-16 to observe the Torque-speed of the motor. Its 
disadvantage is that the torque potential of the motor will decrease as load is increased on the 
motor [5]. Shunt DC motors are commonly used in applications that require moderate torque. For 
instance a battery operated tool, band saws, and lathes [49].  
 
 
Figure 2-16: Torque-speed characteristic of a shunt DC motor, [5]. 
The permanent- magnet DC (PMDC) motor is composed of a wound armature with commutator and 
brushes, while instead of having windings in the motor they are replaced with permanent magnets 
[48]. The PMDC motors have a number of benefits when compared with the shunt DC motor. They 
do not require an external field current[5], (hence less losses associated with the operation of the 
motor) and have excellent starting torque when compared to a compounded motor [48]. The 
disadvantages include slightly less speed regulation then that of a compounded motor, the peak 
starting torque is often limited to 150% of the rated torque to avoid the demagnetising of the poles 
[48]. PMDC motors are generally less expensive, smaller in size and thus are found in applications 
where small motors with position control are needed; additionally PMDC motors can also be suited 
for industrial applications. Applications of a PMDC motor include robotics; electric bikes, battery 
operated wheelchairs [50] .  
A series DC motor consists of a field circuit and armature circuit like both the separately excited and   
shunt DC motor with the exception of the two circuits of which are connect in series [5]. Having the 
same amount of current being fed through both the field windings and armature in this 
configuration allows for the motor speed to adjust with torque load [48]. Thus series motors offer 
high starting torque with the drawback of poor speed regulation [5, 48], refer to figure 2-17. Series 
DC motors are generally used in applications that require motor operation at low speed and very 
heavy loads Some example of these applications for series DC motors include crane hoists, high 
speed tools and electric tractions [49]. 
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Figure 2-17: The torque-speed characteristic of a series DC motor, [5] 
The compounded DC motor uses a combination of both series and shunt motor windings, the motor  
is composed of two field circuits (one in series and the other in parallel) and one armature circuit [5]. 
This allows for the flux to be both a constant component and also a proportional component to its 
armature current. In comparison the compounded DC motor has a higher starting torque then the 
shunt DC motor and lower starting torque than the series DC motor [5]. Similar to the shunt motor 
the compounded DC motor will maintain a constant speed despite load changes, as the load gets 
larger the torque-speed  characteristics of the motor starts behave similar to a series motor [5], refer 
to figure 2-18. The compounded motor is used in applications that require large momentarily 
torques [49], such as rolling mills, air compressors and elevators [5]. 
 
 
Figure 2-18 The torque-speed characteristic of a compounded DC motor, [5]. 
 
2.5. Motor speed control of a separately excited motor 
There are three main methods of motor speed control,  as follows [5, 51, 52]: 
Armature voltage control: In this method, the shunt field of the motor is kept constant, and the 
armature is supplied with different voltages by a suitable voltage regulator, such as a buck 
converter. The armature speed will be approximately proportional to these different voltages that 
are applied over the armature of the motor. The armature voltage control is normally used for 
applications speed control of motor up to its rated speed is needed [5, 52]  
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Armature resistance control: Speed control is achieved by adjusting the voltage across the 
armature, by inserting a variable resistance in series with the armature of the motor. As the 
resistance is increased, voltage across the armature is decreased, thereby decreasing the armature 
speed. This method is not commonly used as it considered inefficient [5, 52].  
Flux control: Speed control is achieved by adjusting the field resistance in DC motor. As resistance is 
increased the speed increases refer to figure 2-15. Flux control is applications were speed beyond 
rated speed is needed [5, 52]. 
 
2.6. Simulink ® Software  
Simulations were carried out on the MATLAB ® software package using the Simulink ® extension. 
Simulink is a block diagram environment for multidomain simulations and Model-Based Design [16]. 
The electrical components that were used were modelled with components from the Simulink ® 
library and SimPowerSystems™. SimPowerSystems™ provides component libraries and analysis tools 
for modelling and simulating electrical power systems. The libraries offer multiple models of 
electrical power components, including electric drives. SimPowerSystems models can be used to 
develop control systems and test system-level performance. Models are parameterized using 
MATLAB® variables and expressions, and design control systems [53]. 
By utilising Simulink ® tools it aids and reinforces the students understanding of theoretical 
principles with enhanced graphical aids and simulations [54]. Additionally, due to the graphical 
nature of the simulation program by using block diagram approach for simulating different systems, 
Simulink ® can also be utilised for nonlinear systems as well [54]. 
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3. Chapter 3: Methodology 
3.1. Initial Design - Phase 1 
3.1.1. Description of Initial Design - Phase 1  
In the initial stages of the project two main designs were both conceptualised relatively close to each 
other. The initial design being a low voltage design that utilised a 12 V DC motor and a high voltage 
design that utilised a 240 V DC motor using the LabVolt equipment that is available at Murdoch 
University.  
In the low voltage design a 12 V motor would be substituted for use instead of a 240 V motor, 
resulting in the design having reduced power ratings. The benefits of having a simple, reduced 
voltage design may be that it offers a safer option in comparison to the higher voltage design.  
A 24 VDC voltage would be fed through a chopper circuit configuration utilising IGBTs as the switching 
components, as seen in figure 3-1. To minimise construction time, the IGBTs would be driven by gate 
drivers which are capable of driving both the high side and low side IGBTs, instead employing time to 
the  designing and building of the driving circuitry. The control signal will come from a 
microcontroller. The microcontroller will allow controllability of both output voltage over the motor 
and also switching frequency, as well as provide information that is delivered through a display to 
the user. 
 
Figure 3-1: Schematic of initial low voltage design 
In order to satisfy the experimental parts of the thesis objectives, additional components would also 
need to be built as part of the design.  In order to produce measurable results regarding the DC 
motors speed torque characteristics, a tachometer and a dynamometer would be needed. 
The setup would also operate by using a tachometer in conjunction with a dynamometer. The 
tachometer would measure the motors rotational speed and provide feedback information and the 
dynamometer would be used to measure the motors load torque and also provide feedback. The 
feedback from the tachometer and dynamometer would be fed into the microcontroller and using a 
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LCD the speed and load torque would be displayed. The conceptualised setup incorporating both the 
dynamometer and the tachometer can be seen in figure 3-2 
 
 
Figure 3-2: Conceptualised initial design 
Lastly, the design was then analysed so that it could be determined if the initial design was feasible 
and if the design could meet all the design requirements adequately.  
3.1.2. Complications of Initial Design - Phase 1 
The IGBTs and other various electronics would also need to be protected from overheating thus the 
design circuitry would need to be mounted on a suitable heat sink. Additionally, circuitry that is 
located in close proximity to the motor will be affected by the electromagnetic field caused by the 
operation of the DC motor [52]. To minimize the noise, shielded wires would be used for the 
circuitry. Murdoch University has in stock shielded wiring that would be most suitable for this task 
refer to figure 3-3.  
 
Figure 3-3: Shielded wiring that would be used in the initial design 
It was also important to incorporate active filtering in the design, commutation in the DC motor 
would negatively affect the quality of the feedback signals [55], thus a low pass filters would also be 
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used to further filter out the noise in the signal [55], refer to Appendix B: Initial Design for the more 
details. 
3.1.3. Analysis - Phase 1  
During the initial stages of the thesis it was not yet clear if the initial design should proceed. The 
initial design met most of the design objectives that was needed for the project to be a success, yet 
it was unclear if the initial design was the superior option. An analysis of the initial design was done 
to determine if the initial design was a feasible option. 
To objectively assess the feasibly of the design, the strengths and weakness of the initial design were 
examined, please refer to table 2. An assessment was done by producing a list of advantages 
disadvantages, and assigning a weighting for each factor that was listed. A score out of five 
according to significance (five being very significant), was assigned to each advantage and 
disadvantage. Lastly, the scores were totalled, if the pros of the initial design outweighed the cons, 
then the initial design would utilised. However, if the cons of the initial design outweighed the pros 
then the second design would be progressed. 
 
 
 
 
Table 2: Advantages and disandavatages of the initail design 
Pros Cons 
Weight Factor Weight Factor 
3 The setup will be visually 
appealing 
5 There may not be enough time to 
complete the building/construction 
stages and as well as testing the 
setup 
3 The setup will be a complete 
module 
5 If setup is adapted for higher power 
ratings, the design can become 
increasingly unsafe 
1 The setup could be adapted for 
high voltage use 
3 The setup will need custom parts,  
such as belt 
4 With lower power ratings of the 
design is reasonably safe 
4 There is a risk that if component of 
the design is not built, the testing 
and measurement part could not be 
achieved  
2 A more technical approach is 
needed 
3 Design met most but not all design 
criteria’s 
    
Total 13  Total 20  
 
When considering the cons of the initial design, the two most detrimental factors were time and 
safety. Time is essential for completing the tasks set out for the thesis project and producing an end 
product. Given the extremely heavy workload and tight schedule of the project, the initial project 
design, it may not be realistic to complete given the amount of time, refer to Appendix C: Gant Chart 
The Effects of Varying the Frequency of a Switched Mode Power Supply Controlled DC Motor 
June 28, 2015 
 
 
 
Page 24 
 
  
for Initial Design for more details. The majority of the parts still needed to be ordered and potential 
delays in shipping could result in further delays in the project. Furthermore, time delays from both 
time needed to build the setup and manufacture custom parts, could result in the slowing down or 
even a halt of the production of the setup. The next biggest factor was safety, it was important to 
consider the conditions under which the electrical equipment is used, given that this design was 
intended to be used in a laboratory environment it was essential that the amount of potential 
hazards be reduced.  In comparison a more technical approach would showcase the skills needed to 
complete the tasks and having a complete module that is visually appealing, is desirable as a 
teaching tool. However, the benefits of the initial design were determined to be as significant as the 
detrimental factors. Lastly, while there is room to redefine to design criteria within the thesis 
project, it is always best to meet all the needs set out by the supervisor, another design may more 
effectively meet the needs of the supervisor. 
In summary, table 2 demonstrates that the cons of the initial designed outweighed the pros, it was 
determined that while the initial design met the first half of the outcome reasonably, it did not 
satisfactory meet the second half of the design requirements. Since it was desirable to complete all 
the objectives tasks the initial design, it was determined that the initial design was not feasible. 
 
 
3.1.4. Where to from here?  
As mentioned previously, the analysis of the design has shown that the design is not feasible, the risk 
associated with completing the construction of the design with the time given is too uncertain. 
Therefore, the paramount option would be to proceed to the next design stage with the LabVolt 
system. 
3.2. LabVolt Design: Chopper Circuit Connected to a DC Motor - Phase 2 
3.2.1.1. A Description of the Materials Used - Phase 2  
The equipment that was used in phase 2 of the experiment is listed in table 3, for further details 
about the equipment please refer to Appendix D: Available Data Sheets 
Table 3: The equipment that was used in experiment phase 2 and 3 
Equipment  Model #  General Description  
Power Supply 8821-2A The standard LabVolt power supply was used.  To 
convert the mains AC power into DC power and to 
supply a fixed DC power to the field windings of the 
DC motor. 
The module supplies a maximum of 240 VDC at 5 A. 
The 24 V low voltage outlet was also used to power 
certain modules [56]. 
DC Motor / Generator 8211-2A The module was used in a separately excited DC 
motor configuration. It was coupled with the Prime 
Mover/ Dynamometer module.  The module is 
capable of working up to 240 VDC at 1.1 A 
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IGBT Chopper / Inverter 8837-AA The module was used to supply a pulsed DC voltage to 
the armature of the DC motor. The module could be 
arranged into multiple configurations including a 
chopper circuit and a buck converter. Additional, the 
control unit allows for a 0-5 V pulsed input that can be 
fed to the gating circuits of the IGBT. 
Prime Mover/ Dynamometer 8960-15 The module was used to apply a specific amount of 
load torque on the DC motor. Both modules were 
coupled together with a timing belt. It is rated to up 3 
Nm of load torque and has a rated speed up to 3000 
r/min. 
Enclosure / Power Supply 8840-0A  The Current/Voltage isolator modules needed this 
module so that they could be powered. 
Current / Voltage Isolator 9056-15 High voltages and currents could are a potential threat 
to the operator and can also damage to oscilloscope.  
These modules were used to isolate the voltage and 
current and step them down to a safe level. 
Matrix Function Generator MFG-
8216A 
The function generator was used operate with the 
control unit of the IGBT Chopper / Inverter to control 
the gating circuits of the IGBT. 
Tektronix Digital Storage Oscilloscope TPS2012 The oscilloscope was used to view waveforms. 
Uni-T Bench Top Digital Multimeter UT803 Multiple meters were used to take either voltage, 
impedance or current measurements on the circuit. 
Cables and Wires  Various cables and wires were needed to connect the 
modules together. For maximum safety the primary 
cables were double insulated. 
 
3.2.2. Assumptions - Phase 2  
By measuring  the output signal from the Chopper/Inverter Control Unit, Model 9029 module [57] it 
was determined that the type of control signal that was going to the switching control panels was a 
0 to 5 V digital PWM signal.  
3.2.3. Equipment Setup for Experiment- Phase 2  
The equipment used in this setup is shown in figure 3-4 and detailed under Appendix D: Available 
Data Sheets. The purpose of this experiment was to determine if the setup could operate DCM, so 
that speed-torque measurements could be taken during DCM [13]. The chopper configuration was 
used, since research literature indicated that the chopper drive was likely to operate DCM    
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Figure 3-4: Photograph of the setup and equipment used in phase 2  
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In figure 3-5, a schematic diagram of the equipment set-up for the experiment is shown. 
 
Figure 3-5: Equipment setup schematic (phase 2) 
The armature voltage to the DC motor was provided from the AC/DC power supply, (refer Figure 3-4) 
that was fed through the IGBT chopper/inverter unit, so that a range of voltages was produced, as a 
variable voltage source was desired.  The chopper/inverter module was controlled by a frequency 
generator its signals were fed in to the IGBT chopper/inverter input, this allowed the unit to operate 
in a chopper circuit configuration and it also allowed for the buck converter to operate within a large 
scope of frequencies which was also desired.  The frequency generator produced a 0- 5 V square 
wave that was used as a control signal for Q1 and the same signal was then fed through a hex 
inverter chip (SN74LS04N [58]) to produce the inverse signal for Q2 an example of the control signal 
that was used can be seen in figure 3-6 and hex inverter is shown in figure 3-7. The function 
generator could be adjusted so that it could produce square waves at variable frequencies.  
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Figure 3-6: The control signals that were fed through the circuit in phase 2 of the experiment 
 
 
Figure 3-7: The SN74LS04N hex inverter chip used in phase 2 
A constant shunt field was supplied to the DC motor from the AC/DC power supply module, the 240 
VDC constant source was used as a constant field voltage so that the motor operated in a separately 
excited motor configuration. 
The dynamometer shown in figure 3-4, was used to provide a load on the DC motor, as the load was 
increased incrementally measurements were taken. It should be noted that when the results 
indicate that 0.0 Nm of load toque was applied to the motor via the dynamometer that there will 
always be some friction torque associated with the coupling of the motor and dynamometer, 
however for the purposes of these experiments the associated torque is considered to be negligible.  
Next, measurements of torque and speed were taken at different armature voltages and frequencies 
so that the speed-torque characteristics of the DC motor could be profiled and outputted.  
Additionally, current and voltage measurements were taken from the armature of the DC motor and 
the shunt field using both multimeters and oscilloscopes to obtain some additional data. 
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3.2.4. Results - Phase 2  
In order to produce precise results, while conducting the experiments in parts 2 and 3, the DC motor 
was run at its rated speed for a short amount of time before initialising the tests. Additionally, care 
was taken to prevent the overheating of the motor, thus the motor was also allowed time to cool 
down between experiments. Keeping the motor at reasonably constant temperature meant that the 
performance of the motor were not unfavourably affected by a large variation in temperature 
change [59]. 
In order to investigate the effect that various armature voltages and switching frequencies had on 
the torque-speed characteristics of the DC motor the tests were done in the following way. 
First it was needed to be confirmed that the system was capable of operating in DCM, as that is what 
causes the nonlinear region in the torque-speed curve [2, 13]. When the system starts operating in 
DCM the armature current will becomes zero for part of its period [7, 13] the waveform will be 
similar to the inductor current seen in figure 2-11. Therefore in order to confirm that the system is 
operating in DCM, the armature current of the DC motor was observed using voltage and current 
isolators and an oscilloscope, the waveforms can be seen in figure 3-8 
 
 
Figure 3-8: The armature current of the DC motor with fs = 25 Hz at 150 V DC 
It can be seen in figure 3-8, that the motor current is not discontinuous, however, the current does 
appear to be negative for a period of time. To further confirm the results in figure 3-8, 
measurements of motor speed and current were taken to produce the following torque-speed and 
current curve for the system and, these curves can be observed in figure 3-9. 
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Figure 3-9:  Torque-speed curve and current curve with fs =25 Hz at 150 V 
The test was also repeated at a lower frequency and the speed and the current were recorded the 
results can be seen in figure 3-10 
 
 
 
Figure 3-10: Torque-speed curve and current curve with fs = 0.883 Hz at 150 V 
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Both the results show a linear decrease in motor speed and a linear increase in current as torque is 
applied to the motor. Overall, the results display the typical characteristics of the normal operation 
of a separately excited motor [5]. 
3.2.5. Analysis - Phase 2  
It was determined that the system was not operating in DCM. Moreover, the results demonstrated 
that the armature current was operating in CCM and that motor speed was decreasing in a linear 
manner, the characteristics were consistent with a DC motor operating in CCM [2, 40]. 
It was noted when measuring the armature current that the current did go from negative to positive, 
refer to figure 3-8.  This was an unusual result, as a separately excited DC motor does tend not to 
have a negative current during normal motor operation [2, 60]. Since the negative current was an 
unusual result, some further investigation was done to ensure that the measuring tools that were 
used, can accurately represent the setup before proceeding to the next setup. 
In summary, although the waveform shapes and speed characteristics in the results appeared to 
have changed at lower frequencies, it is not believed that this is attributed to DCM, but other 
attributes such as poor voltage regulation and armature reaction [5]. In short another setup is 
needed if DCM is to be observed. 
3.2.5.1. Further Analysis - Phase 2  
The negative current was first attributed to AC coupling in the isolation devices. After reading 
through the available manual for the current probe it was determined that the probe is capable of 
giving accurate readings for DC signals as long as the oscilloscope is set to DC coupling [61].  
Additionally, to ensure that the readings where completely accurate a current shunt was wired in 
series with the armature wirings to the ground side of the circuit using an isolated oscilloscope was 
used to measure the current waveform.  For safety reasons the current shunt was housed in 
protective casing only connected on the low side of the circuit. 
In figure 3-11, a schematic diagram of the equipment set-up for this experiment is shown. 
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Figure 3-11: Equipment setup schematic with low side shunt connected (phase 2) 
The waveforms from the current and the current probe are observed in figures 3-12 and 3-13. 
Comparatively, the current shunt waveform demonstrates a less smooth waveform than the current 
probe waveform.  That is because the current probe has additional circuitry that filters its results 
into a smoother waveform [61], while the current shunt has no filtering. It can also be observed that 
the size of the current waveforms are different. This difference is attributed to different step down 
ratios of current shunt and probe. However, overall these differences are considered insignificant 
and from the observation of the general pattern of the waveforms, it can be observed that they both 
follow that same pattern. Following these lines of reasoning, it can be concluded both the current 
shunt and current probe waveforms match. 
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Figure 3-12: DC armature current at 10 kHz from both the current shunt and the current probe  
 
Figure 3-13: DC armature current at 10 kHz from both the current shunt and the current probe 
Thus the measuring tools that were used, can accurately represent the setup and the negative 
current must have been caused for another reason. An example of a motor operation that can cause 
waveforms similar to figures 3-18, 3-12 and 3-13, is regenerative braking. Regenerative braking 
occurs when the load of the motor has a very high inertia. When the terminal voltage of the motor is 
less than the back-EMF, the armature current of the motor becomes reversed (i.e. the motor 
produces a negative current). In this case the motor was configured to act as a generator and the 
generated back-EMF from the motor was fed back into the power supply [40]. In this case the 
regenerative braking can become dangerous because power supplies are not normally built to 
receive current [62], as a result this setup will not be used. 
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3.2.5.2. Where to from here?  
It was determined that measuring tools used in the setup were sufficient for use, however, another 
setup is needed for safety reasons and also if DCM is to be observed. It was decided that a non-
regenerative DC drive was best suited to induce DCM [63], thus a buck converter configuration 
would be used next. 
3.3. Final Design: The LabVolt Buck Converter Circuit Connected to a DC Motor - 
Phase 3 
3.3.1.1. A Description of the Materials Used - Phase 3  
The modules and equipment that were used in the final phase of the experiment were the same as 
the modules and equipment that was used in phase 2 part of the experiment, please refer to table 3. 
The exceptions being that the control signal were modified. The control signals were altered so that 
Q1 was switching and Q2 was not switching and is acting as a diode at all times. This alteration is 
represented in the equipment setup schematic and can be observed in figure 3-16. To observe an 
example of the control signal that was fed into Q1 and Q2, refer to figure 3-14. This alteration of the 
control signal altered the circuit so that the IGBT chopper/inverter module operates as a buck 
converter circuit. 
 
 
Figure 3-14: The control signals that were fed through the circuit in phase 3 
3.3.2. Equipment Setup for Experiment - Phase 3 
In figure 3-16 a schematic diagram of the equipment set-up for this experiment is shown. The 
purpose of this experiment was to determine if the setup could operate DCM [13], once DCM is 
confirmed the speed-torque measurements will be completed. 
In figure 3-15, a schematic diagram of the equipment set-up that was used for this experiment is 
shown. Q1 and Q2 represent the switching IGBTs in the IGBT chopper/inverter module. 
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Figure 3-15: Photograph of the setup and equipment used in phase 3  
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Figure 3-16: Equipment setup schematic (Q4 is represented as a diode, since that IGBT is always off)    
The armature voltage to the DC motor was provided from the AC/DC power supply that was fed 
through the IGBT chopper/inverter unit. So that a range of voltages was could be used, as a variable 
voltage source was desired.  While the chopper/inverter module was controlled by a frequency 
generator, its signals were fed in to the IGBT chopper/inverter input, this allowed the unit to operate 
in a buck converter configuration and it also allowed for the buck converter to operate within a large 
scope of frequencies which was desired.  The frequency generator produced a 0- 5 V square wave 
that was used as a control signal and inputted into Q1. While the ground signal from the frequency 
generator was fed into Q2. The square wave was produced at a variable frequency, while the ground 
signal ensured the IGBT was always off, this was also illustrated in the equipment setup schematic in 
figure 3-16. Additionally, to separately excite the motor a constant shunt field was provided to the 
DC motor from the AC/DC power supply module, the 240 VDC constant source was used. 
Furthermore, the dynamometer shown in figure 3-15, was used to provide a load on the DC motor, 
as the load was increased incrementally measurements were taken. Measurements of torque and 
speed were taken at different armature voltages and frequencies so that the speed-torque 
characteristics of the DC motor could be profiled and outputted in the results section.  Additionally, 
current and voltage measurements were taken from the armature of the DC motor and the shunt 
field using both multimetres and an oscilloscope to obtain additional data. 
Lastly, the field resistance dial was also set to its maximum resistance of 1000 Ω. This was done to 
increase the speed of the motor and decrease the motors induced torque output [5]. 
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3.3.3. Results - Phase 3 
For simplicity, the results from the experiment that were deemed necessary are provided in the 
body of the report. 
Once it was confirmed that the current setup of the system was capable of operating in DCM, the 
next step was to observe the motor being induced into CCM and to proceed with the final testing 
stage. Testing was done be incrementally applying torque to the DC motor and taking 
measurements. During the testing stage measurements of both motor speed and torque were 
conducted. 
The tests were done in the following way, in order to investigate the effects that DCM and CCM had 
on the torque-speed characteristics of the DC motor: 
The dynamometer was set to apply 0.0 Nm of load torque to the DC motor. The switching frequency 
was set to 65 Hz on the frequency generator and then was confirmed from observing the waveforms 
of the control signals on the oscilloscope, a 50 % duty ratio was also used. Next the armature voltage 
was set to 100 V and the dynamometer module was used to measure the motor’s speed. Once the 
speed measurement was completed the dynamometer was then adjusted to apply an increased load 
torque on the DC motor and again used to take measurements of the motors speed. The 
measurements were taken incrementally over a large enough range of load torque to ensure that 
the system operated in both CCM and DCM. Measurements were continuously done during the 
experiment to confirm the periods when the system operated in DCM and CCM. The confirmations 
of DCM and CCM was done by viewing the armature voltage and armature current through an 
oscilloscope. Additional tests using the same methodology were done for various other armature 
voltages, (200 and 130 V) and various other frequencies (90 and 150 Hz). 
From observing the torque-speed curves in figures 3-17, 3-19 and 3-20 it can be seen that there is 
both linear and nonlinear regions displayed in the curves.  
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Figure 3-17: Torque-speed characteristics for fs=65 Hz 
Furthermore, from the measurements taken at 65 Hz it can be seen that for 200 V torque-speed 
curve, the linear region approximately begins at 1.2 Nm. It can also be observed that for the 130 V 
torque-speed curve, the linear region approximately begins at 0.8 Nm and finally at 100 V the 
torque-speed curve the linear region on the curve appears to start at 0.55 Nm. From observing the 
armature voltage and current waveforms on the oscilloscope in figure 3-18 it can be seen that when 
the DC motor is operating in the nonlinear regions of the torque-speed curve the system is operating 
in DCM. Additionally, by examining figure 3-18 it can be seen that the armature voltage exhibits a 
half step caused by the back-EMF of the DC motor, confirming the results are also presented by 
Gelen and Ayasun [13]. 
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Figure 3-18: The armature current and voltage for 200 V and 65 Hz at 0.45 Nm 
 
Figure 3-19: Torque-speed characteristics for fs=90 Hz 
From the measurements taken at 90 Hz it can be seen that the 200 V torque-speed curves linear 
region approximately begins at 0.95 Nm and for the 130 V torque-speed curve the linear region 
begins at approximately 0.8 Nm.  
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Figure 3-20: Torque-speed characteristics for fs=150 Hz 
From the measurements taken at 150 Hz it can be seen that the 200 V torque-speed curves linear 
region approximately begins at 0.55 Nm and for the 130 V torque-speed-curve the linear region 
begins at approximately 0.40 Nm.  
Figure 3-12 demonstrates the waveforms of the 200 V, 65 Hz operating in CCM. The CCM operation 
is induced by increased torque applied to the motor.  
 
 
 
Figure 3-21 Armature current and voltage for 200 V and 65 Hz at 1.2 Nm 
There were a number of ways that this experiment could have been improved. First instead of using 
a function generator to produce a square wave, a microcontroller such as the Arduino Uno [64] 
could have been used. A microcontroller would have provided a more consistent PWM output and in 
turn provided more consistent results. Alternatively, Festo the manufactures of the LabVolt Series 
equipment have available a Data Acquisition and Control Interface module (DACI) [65], this module 
could not only be used to interface with the input of the Chopper/Inverter Control Unit but could 
also be used to acquisition raw data from the setup to a computer and could replace the 
multimeters, current and voltage isolators and oscilloscope in the experiment setup. 
3.3.4. Analysis - Phase 3  
The analysis of the results show that when the torque-speed curves are nonlinear, that the system is 
operating in DCM. DCM is a result of the current becoming discontinuous for a period of time [2, 7, 
14]. When the armature current of the DC motor becomes discontinuous, the torque-speed curve 
for a given switching frequency experiences a large drop in motor speed.  The large drop in speed 
occurs for the reason that when the current is discontinuous, the output voltage of the buck 
converter that is being fed into the motor falls dramatically. The decrease in the output voltage is a 
response to an increase in armature current, which in turn is a responds to the load on the motor [2, 
25, 60, 66]. Thus it can be concluded that speed response of the motor during DCM is highly 
dependent on the load of the motor unlike the motors response during CCM [2, 51]. As the load 
continues to increase eventually the torque-speed curve experiences a linear region, this is because 
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as the load torque increases the current eventually increases enough to become continuous, and the 
output voltage of the buck converter now no longer depends on the current as it did before but on 
the duty cycle of the buck converter [7]. Thus when torque is increased the speed will gradually 
decrease in a linear manner [51, 66]. 
DCM operation is normally avoided as undesirable motor behaviours occurs during DCM operation 
and additionally during the boundary between DCM and CCM, where the change in motor behaviour 
is not expected.  Current also becomes more continuous and smoother when the switching 
frequency is increased and therefore reduces the likelihood of discontinuous current [2, 13, 17], this 
is why the nonlinear region is reduced in the results with higher switching frequencies when 
compared with the results at a lower switching frequency [13]. 
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4. Chapter 4: Theoretical Modelling of Final Design  
The purpose of producing a simulation of the final setup was to further validate the results of the 
analysis given in the previous sections of the thesis. Furthermore, a simulation of the final setup 
would also allow further implementations of the setup such as introducing a feedback control 
system [2, 14] to counter the effects caused by DCM [2] 
However, due to the time constraints of the thesis project, and lack of availability of the equipment 
at the time, not all the parameter values of the setup were obtained. Rather than ignore this aspect 
of the thesis completely, a simulation was produced using a combination of parameters that were 
mathematically obtained and values that were obtained using heuristic approach. The further details 
on how these results were obtained refer to Appendix E: Supplementary Simulation Data.  
In the future work section, it was also suggested that the task of obtaining the other parameters 
values of the setup could potentially be a future thesis project in itself.  
A screenshot of the simulation can be seen in figure 4-1. For more details regarding the parameters 
of the Simulink ® blocks, refer to Appendix E: Supplementary Simulation Data. In order to replicate 
the final setup, a simulation model was developed with a switching buck converter combined with a 
separately excited motor. The block parameters would be used to further customise the model. 
 
Figure 4-1: Simulation model of the final setup 
The simulation model was used to simulate the speed-torque curve from the setup with 200 V 
inputted into the armature of the DC motor and with a switching frequency of 65 Hz, so that the 
results could later be compared to the real data sets that was obtained in the final setup. 
When comparing the speed-torque curve from the final setup to the simulated data, refer to figure 
4-2, it can be observed that both speed-torque curves have a similar shape. However, a larger range 
of torque is needed to induce the motor into CCM and the motor speed in the simulated results 
appear to be larger than that of the real motor speed. 
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Figure 4-2: A comparison of the simulated data versus the real life data 
 
 
Figure 4-3: The waveforms of the simulated setup with 0.0 Nm of torque applied to the motor (operating in DCM) 
When comparing simulated waveforms (observed in figure 4-3) with the actual waveforms of the 
motor at 0 Nm, the current waveforms in the simulation appear to be a similar in shape to the 
current waveform.  However, in comparison simulations current amplitude appears to be smaller 
than the real life current, refer to figure 4-4. In comparison the voltage waveforms do not appear to 
be similar to each other, the half-step appears to be much larger in comparison to the half step in 
the actual motors waveforms. Additionally, the model fails to account the commutation noise 
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caused by the motor. Also the speed of the simulated motors appears higher than the actual motors 
speed. The results suggest that the simulated motor used in the model has a larger back EMF in 
comparison to the motor used in the final setup. 
 
Figure 4-4: The waveforms of the final setup at 200 V with at 65HZ, with 0.0 Nm of torque applied to the motor 
 
Figure 4-5: The waveforms of the simulated setup with 4 Nm of torque applied to the motor (operating in CCM) 
When comparing the simulated waveforms and the actual waveforms of the motor at 4 Nm, refer to 
figure 4-5, the voltage and current waveforms appear to be similar in shape to the waveforms 
observed in figure 3-21. However, the speed of the simulated motor appears to be much higher, as 
well as the armature current compared to that of the actual motor. Once again the results suggest 
The Effects of Varying the Frequency of a Switched Mode Power Supply Controlled DC Motor 
June 28, 2015 
 
 
 
Page 45 
 
  
that the simulated motor has larger back EMF this is most likely caused by incorrect parameter 
assumptions. 
In brief, the simulation model could benefit from better parameter values and slight modifications, 
although the simulation was able to demonstrate general trends of the final setup such as, the 
speed-torque curve decreasing nonlinearly while operating in DCM and then decreasing linearly 
while operating in CCM. The simulation model is also able to display the general shapes of the 
waveforms that were observed in DCM and CCM the simulation did demonstrate an increasing 
armature current with increasing load torque. However, although the model does adequately show 
correct motor speeds, the amplitudes of the currents are far too high and it does not display the 
commutation noise that can be seen in the results. Also there is potential in the model to include 
efficiency simulations for all the devices included in the setup. While the simulation is a good start, 
more work will be needed to accurately simulate the final setup. 
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5. Chapter 5: Student Laboratory Exercise  
One of the objectives of this thesis was to create a student laboratory exercise that was based on 
the final setup. The purpose of the student laboratory exercise was to present to the student the 
concept of a DC motor operating in DCM. The experiment was aimed to be used as a teaching tool, 
designed with equipment available at Murdoch University. A step by step guide with questions and 
analytical steps was produced in the form of a student laboratory sheet. The student laboratory 
sheet can be viewed in Appendix F: Student Laboratory Exercise Sheet. The experiments are aimed 
at 3rd year engineering students that have already been exposed to the basics of power electronics. 
It is assumed that the student have already been exposed to the LabVolt equipment and that the 
students have already completed previous experiments with the DC Motor/Generator and the Prime 
Mover/Dynamometer modules.  
When planning out the exercises considerable care was taken to emphasise safety. In the first page 
of the laboratory exercise the safety guidelines of the student laboratory exercise are presented. 
Additionally, consistent reminders of safety was emphasised in multiple steps of the experiments so 
that the students are constantly reminded to be cautious when carrying out these exercises. 
The laboratory sheet is composed of three parts. It is aimed at being completed over two, three hour 
lab sessions. The first and second part of the experiment is intended to be completed over the 
course of the first laboratory session while the third part is aimed to be completed in the final 
laboratory session. The first part the laboratory exercise will demonstrate the relationship between 
the speed of the separately excited DC motor and the armature voltage. This is done so that the 
student have an understanding of how the speed of the motor is effected by the average voltage 
delivered to the motor. It also familiarises the student with the IGBT chopper /inverter module. The 
second part will investigate the relationship between load torque and the armature current. The 
student becomes aware that the armature current increases when load torque is applied to the 
motor. Most importantly the students also become aware of linear characteristics of the motor’s 
torque-speed curve when operating in CCM. Finally, the third part will investigate DC motor torque-
speed curve operating under DCM. This part ensures that the student observes the nonlinearity of 
the torque-speed characteristics of the motor when operating in DCM, it also identifies the issues 
that this nonlinearity could cause in the real world.  
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6. Chapter 6: Recommendations for Future Work 
This thesis was considered successful in that the design goals were all met.  However there is some 
scope to further improve and expand on the design. If given the necessary time and resources there 
is no reason as to why the following recommendations of work could not be completed.  
Firstly, the DC motor that was used with the LabVolt system could be reconfigured into different DC 
motor types such as a shunt DC motor, compounded DC motor or series DC motor. The torque-
speed curves could be produced in a similar manner to what was discussed in the final design of the 
thesis. These different types of motor configurations could then have their torque-speed curves 
examined to observe how the different types of configurations behave when operating under the 
conditions of DCM and CCM.  
Secondly, the MATLAB ® / Simulink ® programming could be further improved by simulating 
methods that counteract this nonlinear behaviour of the DC motor. Since it is also apparent that this 
nonlinear behaviour can be a real world issue it is recommended that real world solutions are to also 
be established and implemented using the LabVolt system. This could be done in several ways such 
as adding an inductor in series with the DC armature windings [2], or introducing a motor speed 
feedback control system [2, 60]..  
Thirdly, while not strictly following on from the thesis topic, during the experimentation and analysis 
stages of the project it was brought to light that a significant amount of crucial data (including 
dynamic modelling parameters) is missing or is not available for much of the LabVolt equipment. It is 
suggested that as a potential thesis topic a future student could obtain parameter values of the 
LabVolt equipment. Examples of theses parameter values include the motor voltage constant (Ke), 
motor torque constant (Kt), motor Inertia (Jm), etc. By obtaining these values the student could in 
turn model the LabVolt equipment and simulate multiple systems. Additionally, any data that is 
obtained for the existing equipment could be stored in a database that students could access. 
Having a database would prove to be valuable for future students so that they could also setup their 
own models and simulate the LabVolt equipment with multiple simulation platform. Considerable 
time will be needed to test the equipment to get the parameter values 
Lastly, while acquiring new LabVolt equipment such as the DACI [65] would have better improved 
the project design and setup, it is acknowledged that buying new LabVolt equipment is not always a 
feasible option.  Murdoch University have in their possession a Data Acquisition Interface (DAI) [67] 
module refer to Figure 6-1 that can be used in place of the DACI [65]. 
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Figure 6-1: Photograph of the DAI Acquisition Interface module 
While numerous attempts were made during the length of the project to operate the DAI module 
and incorporate the module in the final design, in the end the module was unable to be 
implemented in the final design. It is suggested as a potential thesis project that a future student 
could get the DAI module operational again with the LabVolt equipment and a computer interface.  
The student could implement what was intended to be the final phase of the project and 
incorporate remote control capabilities with the LabVolt system. The interfacing of the modules with 
a Graphic Interface Program (GUI) program such as LabView [68] would be done so that the student 
could remotely use the system, refer to the diagram in Figure 6-2. 
 
 
Figure 6-2: Remote System Diagram 
Students could then interact with the LabVolt system make any live adjustments while running the 
equipment and further incorporate and observe results on the computer that can be further 
analysed for stability. 
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7. Conclusion 
In conclusion, a setup was made by utilising the LabVolt equipment that was available by Murdoch 
University. The setup was not only easily reconfigurable but was also considered to be a safe option 
given the modules internal safety features. A final setup was produced after some unsuccessful 
attempts and proved to be reasonably successfully as the setup was able to meet all the objectives 
that were set out in the original thesis problem. The following achievements were able be produced 
by utilising the LabVolt equipment. The first part of the thesis problem was successfully completed 
by producing a setup that was able to convert AC power to DC power, the buck converter was able 
to produce a variable voltage and switching frequency that was in line with the project 
specifications. The setup was also able to operate in both DCM and CCM and experiments with the 
setup able to measure and produce several torque-speed curves at different voltages and switching 
frequencies. Furthermore, the second part of the second part of the thesis topic was also achieved 
by producing experimental results of the final setup demonstrated that the DC motors torque-speed 
curves are affected by DCM, resulting in the curves producing a nonlinear region. Furthermore, the 
experimentations were able to demonstrate that the torque-speed curves become linear as the 
operation of system transitioned into CCM.  
Key observations from the final setup showed that torque-speed curves experienced a larger 
nonlinear region at lower switching frequencies then that compared to the torque-speed curves of 
the system that is operating at higher frequencies and that at higher voltages the curves of the 
system experience a smaller operation region of CCM. Further analysis revealed the speed 
characteristic of the system was mainly caused by dramatic voltage drops over the armature of the 
motor, and that the dramatic voltage drops mainly occur during DCM operation as load is applied to 
the motor. These results suggest that to avoid the operation of DCM, a system with low voltages, 
high switching frequencies and large loads should be employed. Further research also confirms 
these findings [2].  
The extra objectives that were added in addition to the original thesis problems were also 
reasonably completed. With the exception being the simulation of the final setup that was 
produced. The simulation model could have benefited from further improvements and 
modifications. However, the model was able to demonstrate some general trends that were 
observed in the actual results section of the report. Lastly, a student laboratory exercise was proven 
to be a success as it was successfully completed on time, the setup can be now be replicated and 
used as a teaching aid to demonstrate the affects that DCM and CCM have on the torque-speed 
curves of separately excited DC motors. 
Overall, this project could be considered successful, as all the objectives that were outlined in the 
original thesis were completed and demonstrated during the course of the thesis project. 
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Appendices 
 
Appendix A: Project Topic 
In this project the student will design and construct a PWM based variable DC power supply to 
control the speed of a DC motor. Input to the PWM controller is AC mains (230 V, 50 Hz). The DC 
output should be variable from 0 to 250 V with a 2 A current output. The switching frequency should 
also be variable from a few hundred Hz to KHz region.  
In the second part of this project, the student will investigate how torque – speed characteristics of a 
DC motor is affected by the switching frequency of the PWM based speed controller. 
Required prerequisite: Electrical Engineering and Industrial Computer Systems Engineering majors. 
 
 
Appendix B: Initial Design 
Design of Low Pass filter 
A low pass filter will be used to filter any additional noise in the signal before being fed back into the 
microcontroller 
 
 
Calculations are as follows [69] 
With Q= 5, R-10K 
Therefore A= 3-0.2= 2.8 
fc = 490 Hz  
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𝐶 =
1
2𝜋×10𝐾×490
 = 0.32µ F 
 
𝐴 =
𝑉𝑜𝑢𝑡
𝑉𝑖𝑛
= 1 +
𝑅𝐴
𝑅𝐵
 =2.8 
Therefor RB=5.55 K Ω 
 
 
 
Appendix C: Gant Chart for Initial Project Design 
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Appendix D: Available Data Sheets 
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Data sheet for IGBTs used in IGBT chopper/inverter 
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Appendix E: Supplementary Simulation Data 
IGBT - Parameters 
IGBTs used in system: IRG4PH40KD (refer to data sheet) 
Block Parameters for  IGBT needed 
Resistance  RON (Ω):  
Inductance Lon (H):  
Forward Voltage Vf (V): 2.6 
Current 10% fall time Tf (sec):  
Current tail time Tt (sec):  
Snubber Resistance Rs (Ω):  
Snubber capacitance Cs (F):  
 
Equivalent Circuit 
 
Diode Parameters 
Block Parameters for  Diode needed 
Resistance  RON (Ω):  
Inductance Lon (H):  
Forward Voltage Vf (V): 2.6 
Snubber Resistance Rs (Ω): Inf 
Snubber capacitance Cs (F): 0 
 
DC Motor Parameters 
Block Parameters for  DC Machine  
Armature resistance  Ra (Ω) 27.8 (measured) 
Armature Inductance La (H) 0.324 (measured) 
Field Resistance Rf (Ω) 1714 (measured) 
Field Inductance (H) 8.96 (measured) 
Field armature Mutual Inductance Laf (H) 10.35  ( Calculated) 
Total Inertia (kg.m2) 0.00003583 (Calculated) 
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Viscous friction coefficient  Bm (N.m.s) 0 
Coulomb friction Torque Tf (N.m) 0 
 
Mutual inductance is calculated using the following equation  
 
Equation 1, [7]  
And electrical torque is calculated using: 
 
Equation 2, [7] 
Using values obtained from the results section: 
 
Te = 0.3769 
Therefore the mutual inductance LA = 10.35 
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Appendix F: Student Laboratory Exercise Sheet 
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